The brain oxytocin system has served as a distinguished model system in neuroendocrinology to study detailed mechanisms of intracerebral release, in particular of somatodendritic release, and its behavioural and neuroendocrine consequences. It has been shown that oxytocin is released within various brain regions, but evidence for dendritic release is limited to the main sites of oxytocin synthesis, i.e. the hypothalamic SON (supraoptic nucleus) and PVN (paraventricular nucleus). In the present paper, stimuli of dendritic release of oxytocin and the related neuropeptide vasopressin are discussed, including parturition and suckling, i.e. the period of a highly activated brain oxytocin system. Also, exposure to various pharmacological, psychological or physical stressors triggers dendritic oxytocin release, as monitored by intracerebral microdialysis within the SON and PVN during ongoing behavioural testing. So far, dendritic release of the neuropeptide has only been demonstrated within the hypothalamus, but intracerebral oxytocin release has also been found within the central amygdala and the septum in response to various stimuli including stressor exposure. Such a locally released oxytocin modulates physiological and behavioural reproductive functions, emotionality and hormonal stress responses, as it exerts, for example, pro-social, anxiolytic and antistress actions within restricted brain regions. These discoveries make oxytocin a promising neuromodulator of the brain for psychotherapeutic intervention and treatment of numerous psychiatric illnesses, for example, anxiety-related diseases, social phobia, autism and postpartum depression.
DuVigneaud and, independently, by Acher in the 1950s, important insights into the bursting pacemaker activity of neurosecretory neurons [1] , the discovery of neuropeptidergic pathways within the brain [2] , novel views of neuronal-glial interactive plasticity [3, 4] , the development of neuropeptide receptor antagonists [5] and, importantly, behavioural actions [6, 7] . In the last two decades, important molecular and cellular mechanisms of neuronal oxytocin synthesis, transport and processing could be revealed [8, 9] . These important findings have opened the question as to the stimuli, mechanism and consequences of intracerebral oxytocin and vasopressin release within defined brain regions.
Sites of intracerebral release of oxytocin and vasopressin
Local release patterns finally determine the concentration of biologically active neuropeptides in the extracellular fluid of a given brain area and the cascade of events from neuropeptide synthesis to receptor binding. However, while events including transcription, processing and receptor distribution have well been described, the stimuli, mechanisms and consequences of such local neuropeptide release are not as well understood. In many cases, in situ hybridization, immunocytochemistry, intracellular routing, receptor autoradiography or even neuropeptide content measurements are used to indirectly estimate release patterns, but interpretation is difficult; these techniques are not likely to directly reflect the dynamics of neuropeptide release. Hence, in order to characterize the physiological involvement of a given neuropeptide in, for example, behavioural regulation, characterization of the dynamic patterns of local release in response to appropriate stimulation is crucial.
The method of choice for monitoring the release of neuropeptides within distinct brain areas of freely behaving animals is microdialysis, based on the principle that substances in the local extracellular fluid will diffuse from a higher to a lower concentration (for reviews, see [10, 11] ). Both the oxytocinergic system and the vasopressinergic system have served as important models of neuropeptide release within the brain. Such a release was shown within limbic brain regions including the septum [12] [13] [14] [15] , the hippocampus [14, 15] and the central amygdala [16] [17] [18] , and also within the brain stem [19] and the suprachiasmatic nucleus [20] . Importantly, oxytocin and vasopressin are also released within their nuclei of origin, i.e. within the hypothalamic SON (supraoptic nucleus) and PVN (paraventricular nucleus). Pow and Morris [21] were the first to demonstrate that oxytocin release may also occur from neuronal dendrites and somata within the SON using electron microscopic techniques. At the same time, several microdialysis and push-pull-perfusion studies could confirm local oxytocin and also vasopressin release within the nuclei of origin, i.e. within the SON and the PVN [22] [23] [24] [25] [26] [27] .
A variety of stimuli trigger the dendritic release of oxytocin and also of the related neuropeptide vasopressin (for reviews, see [28, 29] ). In this context, it is important to emphasize that, depending on the quality and intensity of a given stimulus, magnocellular neurosecretory neurons of the SON and PVN are capable of regulating their dendritic release within the hypothalamus and their axonal release from neurohypophysial terminals into blood in either a co-ordinated or independent manner [25, 27, 30, 31] .
Oxytocin release within the SON and PVN during female reproduction
The suckling stimulus in the lactating rat is one of the most intense stimuli for the oxytocin system, resulting in burst activity of oxytocin neurons and pulsatile neurohormone secretion into blood during the milk ejection reflex. Moos et al. [22] were the first to demonstrate oxytocin release within the SON of the anaesthetized lactating rat in response to suckling, which could also be confirmed in conscious dams [25, 26] . Moreover, the suckling stimulus also activates dendritic release in the PVN [26] . Another classical reproductive stimulus for this system is parturition and labour, and blood oxytocin was shown to promote uterine contraction, thus facilitating the delivery process [32] . Again, oxytocin secretion into blood during the delivery process was shown to be accompanied by local neuropeptide release within the SON as well as the PVN [26] . Thus, both in response to the suckling stimulus and during parturition, a rather simultaneous activation of axonal/neurohypophysial secretion into blood and somatodendritic release of oxytocin within the hypothalamic PVN/SON has been described, although dendritic release was found to precede the milk ejection process [22] .
The amounts of neuropeptides quantified radioimmunologically in the microdialysates sampled from the freely moving rat are indeed of local, neuronal origin, as confirmed by complementary approaches. For example, pharmacological manipulation revealed that the intra-SON or intra-PVN release of oxytocin, for example during suckling, is Ca 2+ -dependent and can be stimulated by depolarizing perfusion fluid. Also, calculations of oxytocin concentration within the SON indicated that local neuropeptide concentrations in the extracellular fluid are approx. 100-1000-fold higher than in the plasma, making the substantial contribution of plasma hormones to the neuropeptides in dialysates unlikely (for a review, see [29] ).
Physiological and behavioural consequences of dendritic oxytocin release during reproduction
What could be the functional consequence of oxytocin release within the hypothalamic SON and PVN during suckling and parturition? As mentioned above, oxytocin neurons are highly activated and synchronized at this time, and locally released oxytocin seems to be important for positive feedback and autoexcitation of oxytocin neurons. Such an autoexcitation mediated by local oxytocin receptors has been shown both in vitro [33] and in vivo [30, 34] . Local application of a selective oxytocin receptor antagonist within the SON resulted in delayed milk ejection in the lactating rat and reduced milk transfer to the pups [30] . During parturition, the same treatment attenuated the birth process and lowered the plasma oxytocin concentrations [34] . Moreover, oxytocin released within the SON during parturition [26] was shown to down-regulate the sensitivity of GABA A [GABA (γ -aminobutyric acid) type A] receptors to neurosteroids [35] . In addition, dendritically released oxytocin should substantially contribute to the induction and/or maintenance of morphological changes in neuronal-glial interactions within the SON as shown in vitro and in vivo [36, 37] . Thus, released within the hypothalamus, oxytocin is likely to be involved in the regulation of the neuronal activity and of presynaptic inputs to oxytocin cells [35, 38] . In this way, dendritically released oxytocin may facilitate its own physiological functions by activating peripheral oxytocin secretion into blood during parturition and suckling (Figure 1) .
Simultaneously, oxytocin released within the SON or PVN, or at other brain sites, is important for the onset [7, 34, 39] and fine-tuned maintenance [40] of social behaviours, including maternal behaviour, that are equally important for pup survival. An increased maternal aggression and defence of offspring is a generally accepted behavioural phenomenon in the peripartum period found in all species showing mother-child attachment. Recently, we were able to show oxytocin release within the PVN (and also within the central amygdala) in lactating dams during the maternal defence test [18] , which was found to be important for the display of high aggression towards the intruder (see below).
Thus centrally released oxytocin as a result of an activated brain oxytocin system significantly contributes to complex behavioural adaptations described in the peripartum rat. In support, oxytocin exerts anxiolytic properties [41] [42] [43] . Especially during lactation, when the brain oxytocin activity is high, endogenous oxytocin contributes to the reduced level of anxiety-related behaviour and emotional responsiveness [44] described at this time in both animal [45] [46] [47] and human [48] studies (Figure 1 ).
Dendritic release of oxytocin during exposure to pharmacological stressors
Oxytocin has generally been acknowledged as a stress hormone as secretion into blood occurs in response to a wide variety of stressors studied so far [49] . Therefore scientific interest has focused on the possibility that the secretory activity of oxytocin neurons is accompanied by intracerebral release, specifically by local dendritic release within the hypothalamic SON and PVN. Oxytocin release within the SON and PVN was described in response to various pharmacological, physical and emotional stressors. Pharmacological stressors include, for example, local [23, 50] or peripheral [25, 27, 31] administration of hyperosmotic solutions, treatment with CCK (cholecystokinin) octapeptide [51] , a selective stimulus for oxytocin, but not vasopressin neurons, interleukin-1b [52] and naloxone-induced morphine withdrawal in morphinedependent rats [24] . In comparison with neurohypophysial secretion, dendritic release of oxytocin in response to acute systemic injection of hyperosmotic saline is delayed and reaches its peak only after several hours, as studied in both male [25, 27] and female [31] rats. In this context, it is of note that during lactation, when oxytocin neurons are highly responsive to the suckling stimulus, dendritic oxytocin release within the SON in response to intraperitoneal hyperosmotic saline is significantly attenuated as is peripheral oxytocin secretion [31] . Thus the selective responsiveness of oxytocin neurons in the lactating rat, which is strongly dependent on the quality of the stimulus, can be seen both for dendritic oxytocin release and oxytocin secretion into blood.
Intracerebral microdialysis can also be performed in the conscious mouse. Recently, we succeeded in following dendritic oxytocin release within the SON in mice over 3 days of salt loading [53] . 
Dendritic release of oxytocin during exposure to emotional and physical stressors
The responsiveness of the oxytocinergic system to emotional and physical stressors, which are ethologically relevant and which an animal can also encounter in Nature, has attracted significant attention. Such stressors include, for example, social contact to larger and aggressive conspecifics during the social defeat, or contact with an intruder rat during the resident-intruder test, and forced swimming (Figure 2) . Monitoring of local release patterns of a given neuropeptide during ongoing behavioural performance is challenging, but possible, by use of microdialysis. Thus even during the display of aggressive behaviour, or during swimming, dialysates can be sampled without interference with the behaviour of interest. Importantly, in order to reveal the behavioural consequence of locally released oxytocin, we can manipulate the local neuropeptide system via slow administration of either a receptor ligand or receptor antagonist via reversed microdialysis over the entire observation period. 
Social defeat in males
In male rats, exposure to social defeat, i.e. to a larger conspecifics in its home cage, selectively stimulates oxytocin release within the SON, but not the PVN [54] . In contrast, oxytocin secretion into blood remains unchanged in response to this emotional stressor, indicating independent release patterns. Within the SON, the simultaneous release of GABA during exposure to social defeat exerts an inhibitory tone on the electrical and secretory activity of oxytocin neurons [55] . Interestingly, another picture was found for vasopressin, which was released within the PVN, but not the SON, in response to the same stimulus, whereas vasopressin secretion into blood remains unchanged [56] (see Figure 3) .
Social defeat/maternal defence in females
For a virgin female rat, defeat by a lactating resident in the presence of her litter has been characterized as a comparable emotional stressor (maternal defeat; [47] ). During lactation, dams are highly aggressive, protecting their offspring against potentially dangerous conspecifics. In virgin intruders, exposure to maternal defeat stimulates a significant rise in oxytocin release within the PVN (Figure 2 ), but not within the amygdala or the lateral septum; release within the SON has not been monitored yet [57] .
Also, exposure to the virgin intruder and defence of the offspring in the home cage is a stressful procedure for the lactating resident dam [47] . As brain oxytocin is important for maternal behaviour and various other social behaviours, we monitored oxytocin release within the PVN and the central amygdala in lactating residents during the maternal defence test [18, 58] . An increased release of oxytocin was found in rats that displayed a particularly high level of maternal aggression, i.e. in rats selectively bred for high-anxiety-related behaviour (HAB; Figure 2 ). In contrast, oxytocin release was unaltered (PVN) or even decreased (amygdala) in dams that were less aggressive, i.e. in rats bred for low-anxiety levels (LAB; Figure 2 ). Importantly, the amount of oxytocin locally released within both the PVN and the amygdala was found to be directly correlated with the total amount of aggression displayed by the dam during the maternal defence test [18] .
Forced swimming
Another picture emerged with respect to dendritic oxytocin release in response to forced swimming, a combined emotional and physical stressor. Swim stress (10 min, 19-21 • C) triggers the release of oxytocin within both the SON and the PVN, as studied in male and female rats [58, 59] (Figure 2) , which paralleled oxytocin secretion into blood. Interestingly, swim stress also stimulates local release of vasopressin from dendrites within both the SON and PVN (Figure 3 ), but dendritic release is not accompanied by vasopressin secretion into blood [59] . Nevertheless, such dendritic release should mainly occur from magno-, but not parvo-, cellular hypothalamic neurons [60] , as dendritic release of vasopressin in the absence of peripheral secretion was followed by increased mRNA levels in magnocellular neurons only, indicating a refill of depleted peptide stores assigned to dendritic release.
Shaker stress
Shaker stress was found to be another emotional stressor for dendritic oxytocin release within the PVN of male rats, which accompanied the stress-induced rise in peripheral oxytocin secretion [61] . In contrast, exposure to 10 min shaker stress did not trigger either vasopressin release within the PVN or secretion into blood.
The independent release patterns of oxytocin, and to a larger extent of vasopressin, within the brain and into blood shown in response to several stimuli clearly indicate that measurements of neuropeptide concentrations in plasma are an unreliable indicator of changes of neuropeptide release within the brain.
Physiological and behavioural consequences of dendritic release of oxytocin during stressor exposure
Neuropeptides released into the extracellular fluid of a distinct brain region rather than those in the cerebrospinal fluid or plasma trigger a variety of receptor-mediated behavioural and neuronal effects, including those underlying behavioural and neuroendocrine regulation. However, in contrast with the functional significance of oxytocin released within the SON (and PVN) during reproduction, less is known about the consequences of dendritic oxytocin release during stress.
Brain oxytocin has generally been described as an important regulator of neuroendocrine and behavioural stress-coping strategies. This includes its anxiolytic actions and the inhibitory effects on HPA (hypothalamo-pituitary axis) responses [41, 44, 62, 63] . Specifically, oxytocin receptormediated effects on basal and/or stimulated HPA responses were found in the PVN and SON [63, 64] . Whereas oxytocin inhibits the basal level of HPA activity, locally released within the SON and PVN during acute swim stress, oxytocin may also contribute to the adequate HPA response to an acute challenge, although detailed studies are lacking. Also, it remains to be shown to what extent differences in intra-PVN release of oxytocin relate to the specific set of neuronal pathways activated by the different stressors [65, 66] or to different autonome responses [67] . For example, some oxytocin neurons of the PVN project to the brain stem [68] , where locally released oxytocin might be involved in the control of sympathetic parameters [69] .
With respect to its effects on emotionality, the first evidence for local oxytocin-induced anxiolysis was found in the central amygdala of female rats [42, 70] . Recently, we were able to demonstrate that bilateral oxytocin infusion into the PVN significantly lowered anxiety-related behaviour in male rats [71] . Importantly, this local action includes the receptormediated activation of the intracellular MAPK (mitogenactivated protein kinase) signalling cascade, and local blockade of the oxytocin-induced ERK1/2 (extracellularsignal-regulated kinase 1/2) phosphorylation prevented the anxiolytic effect of oxytocin in the PVN. Thus dendritically released oxytocin within the PVN significantly contributes to the complex regulation of behavioural and neuroendocrine responses to a given stressor acting at local oxytocin receptors. The above-mentioned neuropeptide release within the PVN during defence of the offspring is another example of the behavioural significance of dendritically released oxytocin. If we block local receptor-mediated actions of oxytocin by local administration of an oxytocin receptor antagonist, the level of aggression of the lactating dam is significantly reduced [18] .
As mentioned above, oxytocin and vasopressin are not only released within the hypothalamic SON, PVN and suprachiasmatic nucleus, but also within extra-hypothalamic brain regions of the limbic system significantly involved in the regulation of emotionality and stress coping. In support, local oxytocin release has also been demonstrated within the septal regions and the amygdala, for example in response to swim stress, during social defeat or maternal defence [13, 17, 18, 72] . Such a swim stress-induced release of oxytocin within the central amygdala was found to promote passive stress coping style, specifically to increase the extent of floating behaviour in male rats. This effect was likely to be due to the inhibition of release of excitatory amino acids [17] . However, although behavioural consequences of locally released oxytocin and vasopressin within extra-hypothalamic regions could be detected, the mode of neuronal release within these regions is unknown. Thus such a local release could occur from axonal terminals or by axonal profiles, as well as somatodendritically, provided that of oxytocinergic and/or vasopressinergic neurons were present.
In summary, neuropeptides released within distinct brain regions in response to a wide variety of physiological and stressful stimuli significantly contribute to neuroendocrine and behavioural adaptations of an individual in response to a given challenge. As discussed in detail previously [29] , the biological and evolutionary advantage of somatodendritic, i.e. of non-synaptic, release of neuropeptides such as oxytocin is likely to be the liberation from the constraints of point-topoint signalling (wired transmission; [73] ), thus contributing to the overwhelming complexity of subsequent information processing. Moreover, the discovery of the somatodendritic mode of neuropeptide release, which may occur independently from the secretion into the blood, demonstrates the complexity of neuropeptidergic regulatory capacities [74] .
